arXiv:l505.04712v2 [hep-ph] 7 Oct 2015 


WU-HEP-15-11 


Particle physics and cosmology with high-scale SUSY 
breaking in five-dimensional supergravity models 

Hajime Otsuka* 

Department of Physics, Waseda University, Tokyo 169-8555, Japan 


Abstract 

We discuss a high-scale SUSY breaking scenario with the wino dark matter in the five¬ 
dimensional supergravity model on S^/Z 2 . The extra U{1) symmetries broken by the orb- 
ifold projection control the flavor structure of soft SUSY-breaking parameters as well as 
the Yukawa couplings, and a scalar component of the one of moduli multiplets, which arise 
from extra-dimensional components of the U{1) vector multiplets, induces the slow-roll in¬ 
flation. Because of the supersymmetric moduli stabilization as well as the moduli inflation, 
it is found that the correct dark matter relic abundance is non-thermally generated by the 
gravitino decaying into the wino. 
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1 Introduction 


The standard model (SM) is the successful theory which describes the interactions of elementary 
particles, in agreement with all the experimental results below the electroweak (EW) scale. 
However, there are several unsolved theoretical and observational problems such as the mass 
hierarchy of elementary particles, non-existence of the viable dark matter candidates and even 
the gravitational interactions in the SM. 

When we consider the extension of the SM, there are two important ideas indicated from the 
string theory which is expected as the consistent theory of quantum gravity. One of them is the 
supersymmetry (SUSY). From the phenomenological point of view, the supersymmetric models 
are also attractive scenario beyond the SM, because the minimal supersymmetric standard 
model (MSSM) gives rise to the gauge coupling unihcation at a high energy scale around 
2.1 X 10^® GeV, stable SUSY particles as dark matter candidates, and so on. In addition, the 
local supersymmetric models, i.e., supergravity models describe the gravitational interactions 
in the framework of four-dimensional supergravity (4D SUGRA). The other idea is the extra 
dimension. In the extra-dimensional models, the hierarchical Yukawa couplings arise from 
the wavefunction prohles of quarks, leptons and Higgs, propagating in the bulk of the extra- 
dimensional space. (See for more details, e.g.. Ref. [1] in the hve-dimensional cases.) 

Based on these ideas, we consider the five-dimensional supergravity model (5D SUGRA) 
which is the minimal extension of the SM with local supersymmetry and a single extra di¬ 
mension. Among them, 5D SUGRA compactihed on /Z 2 is the simplest but a workable 
theory, where the four dimensional chirality arises from the orbifolding of hfth dimension. 
Although there are several systematic studies focusing on the particle phenomenology |2] or 
cosmology based on the off-shell formulation of 5D SUGRA mn, it would be quite 

important to treat them on the same footing and perform a complementary study. For such a 
purpose, in this paper we propose the realistic 5D SUGRA model, consistent with the recent 
LHG experiments [7] as well as the Planck results [8]. 

Before discussing the details of the 5D SUGRA, we review the recent implications from the 
LHG experiments. The LHG Run I results indicate no evidence for SUSY up to a scale of 
Oil) TeV [7], and the observed Higgs boson mass rrih — 126 GeV [S] is considerably larger 
than that expected in the framework of MSSM with a low-scale SUSY breaking, although a 
few possibilities are pointed out to raise the Higgs boson mass within the low-scale SUSY 
scenarios mm- As a class of models compatible with the observed Higgs boson mass in the 
MSSM, the high-scale SUSY breaking scenarios are often considered, such as Split SUSY [12], 
Spread SUSY [TB] and Pure gravity mediation [H] and so on. In these scenarios, the gaugino 
masses are relatively lighter than the soft SUSY-breaking masses. For example, in the case of 
pure gravity mediation, the gaugino masses are determined by the anomaly mediation nans], 
whereas the other soft SUSY-breaking terms are determined W the gravity mediation. Then, 
the lightest supersymmetric particle (LSP) is the wino. [151 IlSjH However, the relic abundance 
of wino depends on the thermal history of the universe after the inflation. Especially, the 
non-thermal productions of the wino LSP is highly mo del-dependent. Indeed, the wino LSP 
is produced by the decays of gravitino ini, moduli [18] and Q-ball [19] after the inflation. 

^The higgsino dark matter is also considered in the pure gravity mediation scenario |20] . 
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Therefore, we discuss such high-scale SUSY breaking models with the wino dark matter based 
on the concrete model, i.e., 5D SUGRA on jZ^ in which the successful inflation mechanism 
can be realized jl]. 

The paper is organized as follows. In Sec. 12.11 we briefly review the matter contents and 
their interactions in our model derived from the 5D SUGRA. Then, the moduli stabilization, 
inflation dynamics and SUSY breaking mechanism are shown in Sec. 12.21 Sec. [3] is devoted to 
the thermal history of the universe in our model, and then the relevant decay processes into the 
wino dark matter are discussed. We hnd that the relic abundance of the wino is determined by 
the non-thermal productions from the gravitino decay, whereas the other decay process via the 
inflaton decay is not relevant to the present dark matter abundance. Finally, Sec. IHis devoted 
to the conclusion. 


2 Setup 


2.1 Four-dimensional effective action on IZ 2 

In this section, we now to proceed to details of the 5D SUGRA on jZ^ with flat 5D spacetime 
whose coordinates are denoted as y) with p = 0,1, 2, 3 and y is hfth coordinate within 

the range 0 < y < L. The matter contents in this background are classihed as two types of 
helds, such as Z 2 -even and Z 2 -odd helds, where only Z 2 -even helds are appeared in the low 
energy effective theory after the dimensional reduction of the hfth dimension. 

First of all, we show the moduli chiral multiplets involved in 5D Z 2 -odd U(l)// vector 
multiplets V^'. Since the 5D SUSY is broken into the 4D J\f = 1 SUSY by the Z 2 -orbholding, 
these vector multiplets are decomposed into the 4D Z 2 -odd vector multiplets and Z 2 - 
even chiral multiplets , i.e., = {V^ , } with J' = 1, 2, • • -nyi'. Only the zero-modes 

of can be appeared in the low-energy effective theory below the compactihcation scale, 
whereas do not have zero-modes. We denote the zero-modes of as whose imaginary 
parts of scalar components correspond to the hfth components of U{l)i' gauge helds Aj^, and 
then are called as the moduli chiral multiplets. For 5D Z 2 -even vector multiplets and 
hypermultiplets Ha, they are also decomposed into the 4D Z 2 -even vector multiplets and 
chiral multiplets $ 0 , and <F^, i.e., = {V^, and Ha = {$ 0 -, } with / = 1, 2, • • • , uyi 

and a = 1, 2, • • -uh + 1- Here, we assume the single compensator multiplet, for simplicity. As 
for these zero-modes of and $ 0 , we further assume the following MSSM matter contents 
plus three right-handed (s)neutrino multiplets W, stabilizer multiplets Ha (a = 1,2, • • • ,nHa,) 
and SUSY breaking multiplet X; 


(Ul,U2,U3) 

'Di) 

{Ci,Si,Ni) 

{nu,nz 

(Ha) 

(X) 


gauge vector multiplets, 
quark chiral multiplets, 
lepton chiral multiplets, 

Higgs chiral multiplets, 
stabilizer chiral multiplets, 
SUSY breaking chiral multiplet. 


( 1 ) 
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where Vi, V 2 , V 3 denote the gauge multiplets for [/(1)y, SU(2)l, SU(3)c, and i denotes the 
flavor index. As shown later, Ha and X are responsible for the moduli stabilization and the 
spontaneous SUSY breaking, respectively. It is remarkable that these chiral multiplets orig¬ 
inating from the hypermultiplets have extra U(l)// charges under the U{l)i' gauge 
symmetries. 

From the 5D conformal supergravity action EE], we can obtain the effective Kahler po¬ 
tential and gauge kinetic function after the off-shell dimensional reduction | 22 l [ 2 ^ in terms 
of the 4D Af = 1 superspace [ 2 ll |25]. (See Refs. |26l |2Z] for more general description of 5D 
SUGRA including the Z 2 -odd fields.) Then, 4D effective Lagrangian becomes 


— —r 


+ 


/ d^e ^/,(T)tr(>V">V")+ h.c. 

r 

d^e (j)^W{Q,T)+\i.c. 


+ / d^e |0pGeff(|Q|2,ReT) 


( 2 ) 


where 0 is the compensator multiplet, W”' are the field strength supermultiplet for 4D gauge 
multiplets with r = 1, 2, 3, Qa denote all the 4D chiral multiplets given by Eq. O- 
Such 5D action is characterized by the cubic polynomial of vector multiplets. 


ny 

Af{M) = (3) 

I,J,K=1 

where Cjj^k is the real constant. If the 5D supergravity models are embedded in the more 
higher-dimensional theories, such as heterotic M-theory, these coefficients Cj^j^k correspond to 
the intersection numbers of the internal Calabi-Yau manifolds [28]. By identifying the real 
coefficients Cp^j^k with the gauge kinetic functions friT) in Eq. ([2]) are represented as 

^vi' 

(4) 

/'=i 

In addition, the effective Kahler potential in Eq. ([2]) is 


Geff(|QP,ReT) = -3AAi/3(ReT) 


1 - 5 Y +Y + 0(101' 

a,/3 

(5) 


where denote the U{l)p charges of Qa whose kinetic term is given by 

_ g—2Rez 


Y(z)^ 


2 Rez 


( 6 ) 


where the exponential factor can be extracted from the exponential form of the localized wave- 
functions propagating in the bulk, controlled by the bulk mass, i.e., charges in our 


3 









framework. Moreover, the four-point couplings are defined as 

^(4) _ (c(“)-Pa-i -T)■T)F(c(^)-T)} F((c(") + • T) 

^ 3(c(“) ■ ReT)(c(/3) • ReT) 9 ’ 

(7) 

where j = 5^ j — project the moduli multiplets out the radion multiplet which 

corresponds to the single modulus in the case Uyi' = 1. In contrast to the Kahler 

potential, the superpotential is only allowed at the orbifold hxed points y = 0,L due to its 
holomorphicity. 

2.2 Brief review of moduli inflation 

Along the line of Refs. |1] and |29], we briefly review the supersymmetric moduli inflation 
which cannot be realized in the single modulus case. In order to obtain the Yukawa hierarchies 
between generations as shown in Sec. [31 we consider the case of three moduli multiplets, and 
at the same time, three stabilizer multiplets are introduced to generate the moduli potential, 
i.e., Hyi/ = nua = 3. The norm function for the moduli multiplets is chosen as 

A7(Rer) = {ReT^){ReT^){ReT^), (8) 

for simplicity. In addition to the bulk conhgurations in the 5D SUGRA on /Z 2 given by 
Eq. ([5]), we set the following superpotential at the orbifold hxed points ?/ = 0, L, 

W = Ji^^na5{y) - Ji:^naS{y - L), (9) 

where are real constants and T-La are the stabilizer chiral multiplets. Here, we assume 
that such linear terms at the hxed points are dominant terms protected by certain symmetries 
and dynamics. By integrating the 5D action over the hfth dimension [3111321133], we hnd the 
following superpotential W, 


( 10 ) 

and the Kahler potential for the moduli and stabilizer helds, 

3 

K = -lnA7(Rer) + Z^,^(Rer^(11) 

a=l 


where 


Z„,{ReT 



I _ 

cfReT'' 


( 12 ) 


It is then assumed that the stabilizer helds Ha have only U{l)ii=a charge, for simplicity. 
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Next, let us discuss the moduli stabilization from the scalar potential in 4D M = 1 SUGRA 
by employing the above Kahler and superpotentialj^ 




(13) 


where D W = W K W W = d W K = d K K - = d d-K = (K~^) - 

m,n = {r,a}, and at the moment, we omit the contributions from the other helds expect for 
the moduli and stabilizer chiral multiplets, , Ha- The extremal conditions of them (y^i') = 
{Vho,) = 0 with Vm = dmV are satished under the supersymmetric conditions, i.e., {Dj,iiW) = 
{DhJ^) = 0 which lead to their vacuum expectation values (VEVs), 


= {-ff.> = o, (14) 

and the vanishing cosmological constant (R) = oj^ At the extrema given by Eq. ffTTH . moduli 
and stabilizer helds Ha have same supersymmetric masses. 




e^^^Wva? 

KppKaa ’ 


(15) 


where fR//a = —, hRj = didjW^ and the real and imaginary parts of them also 
have the same masses at the vacuum. From the mass formula ffTSjl . we can consider that the 
one pair of modulus and stabilizer helds, e.g. (T^^^, Ha=i) is lighter enough than the other 
pairs Ha^i) by choosing and \Jq]1\ < in Eq. flT^ . In such 

cases, the pairs Ha^i) are hxed at their supersymmetric minimum given by Eq. flTTl) . 

and then the only remaining pair [T^ Ha=i) appears in the low energy ehective action given 
by the following Kahler and superpotential. 


K = - XnReT^ + ZH^{ReT^)\Hi\^ + ■ ■ ■ , 

w = (J<‘> - 


(16) 


where the ellipsis stands for the VEVs of the other moduli helds By employing the 4D 

scalar potential flT^ replaced with Eq. ffT6|) . the ehective potential for the modulus becomes 


Rnf = 


I rd) _ 7 (i)„-cRri 12 
Vo "'l ^ _ I 

(ReT2)(Rej’3)(l - e-'S"’") 


(17) 


on the Hi = 0 hypersurface. When the inhaton is identihed with the real part of modulus 
ReT^, our obtained ehective scalar potential on the ImT^ = 0 hypersurface is similar to the 
one in Starobinsky model [32]. During the inhation, H^ and ImT^ are hxed at the origin due 

^Here and hereafter, we employ the reduced Planck mass unit, i.e., Mpi = 1. 

^Similar moduli stabilizations are discussed in the single modulus case |30] and in the case of multi compen¬ 
sators |3T]. 
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to the Hubble-induced mass and real parameters jjf'l, respectively. By solving the equation of 
motion for Re with the following parameter settings, 


t{ 2) _ Tw; _ * _ jK'^j _ 1 7o; _ 

~ ~ '^L ~ ■-'0 ~ 


r(3) 


r(2) 


(3) 




1 j(i) 

4000’ ^ 


.(2) _ ^(3) 


4000’ 


= Co ' = 


50’ 


o(l) 


1 

10 ’ 

(18) 


the cosmological observables such as the power spectrum of the scalar curvature perturbation 
P^{k), its spectral index Ug, and the tensor-to-scalar ratio r with an enough amount of e-foldings 
iV ~ 58 are obtained, 


P^{K) ~ 2.2 X 10"^ rig ~ 0.96, r ~ 10■^ (19) 

at the pivot scale fc* = 0.05 [Mpc“^]. These results are consistent with the recent Planck data, 
reported in Ref. [^, 

F 5 (A;*) ~ 2.20 ±0.10 X 10“®, n, = 0.9655 ± 0.0062, r < 0.11. (20) 

The supersymmetric masses of moduli and stabilizer fields are also given by 

771^2 ~ ~ mH 2 — — 4.8 x 10^^ GeV, mrpi ~ mH^ ~ 4 x 10^^ GeV, (21) 

with the numerical values of the parameters ffTSj) . which shows that the fields except for the 
pair (T^ Pla=i) are decoupled from the inflaton dynamics as mentioned before. It turns out 
that the typical Kaluza-Klein mass is also larger than the inflaton mass. 

Me = ^ - 2.1 X 10‘®GeV, (22) 

with the moduli VEVs, 

(Re(r^),Re(T2),Re(T3)) ~ (11, 110, 110), (23) 

by utilizing the parameters given by Eq. (ITS]) . So far, the F-terms of moduli and stabilizer fields 
vanish at the vacuum, because there are no source of SUSY breaking in the current setup. 

For the SUSY breaking sector, as an example, we take an O’Raifeartaigh model |33] deter¬ 
mined by the following Kahler and superpotential of the SUSY breaking held X, 

R = Zx(Rer^ReT3)|X|2 - W = w + uX, (24) 

X 

where w, v are the real parameters and the loop corrections in the Kahler potential are char¬ 
acterized by the scale of heavy mode or dynamical scale A |3l] . It is then assumed that the 
SUSY breaking held X have no charge for U(l)i gauge symmetry, which forbids the inhaton 
decay into the SUSY breaking held at the classical level. 
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As discussed in Refs. [1] and [29], when the SUSY breaking scale is enough lighter than the 
inflation mass, the moduli and stabilizer helds remain stabilized at the values close to their 
minimum flT^ during the inflation. In fact, the deviations from them and VEV of X, 






ms/2 
mHa ’ 







k\Zxfw 
——< 1 


(25) 


are small enough, where ms /2 = Furthermore, the F-terms of these fields are esti¬ 

mated at their minimum involving the deviations (ESj) from the supersymmetric minimum ([HI), 


^/K, 


'j'l' 'Y'l' 


~ O 


m 


3/2 


m 




HaHa^ 




~ o 


m 


3/2 


rpl' 


m 




Ha 


(AA)V2(Z^)1/2’ 

(26) 


from which the F-terms of moduli and stabilizer fields are suppressed by the gravitino mass. 
Thus, one can discuss the low-and high-scale SUSY breaking scenarios, as long as such scales 
are lower than the inflation scale. 


3 Wino dark matter in the high-scale SUSY breaking 


In this section, we discuss the particle phenomenology of 5D SUGRA based on the moduli 
inflation in Sec. 12.21 Since the moduli do not induce the SUSY breaking at the vacuum, the 
sizable gaugino masses are not generated at the tree-level as seen in Eq. (|1|). Throughout this 
paper, we do not consider the gauge kinetic function at the boundary hxed point y = 0, such 
as with ^ 3 - being the real parameter, from which the F-term of X induces the 

sizable gaugino masses, although the R-symmetry is explicitly broken]^ Thus, the dominant 
contributions to the gaugino masses come from the anomaly mediation pH [T6] , 


Mr 


br9r 

IGvr^ 


m3/2, 


(27) 


where the VEV of the conformal compensator, (F^) /(0) is replaced by the gravitino mass 7713/2 
due to the almost vanishing F-terms of the moduli and the stabilizer helds fl26|) and tiny VEV 
of X fl2^ . yf = Vltp-y ~ 2(/^C'r(S'a)(5^) are the anomalous dimension with Sa being 

the helds in the MSSM, Cr{Sa) are the quadratic Casimir invariants, br = (33/5,1, —3) are the 
beta function coefficients in the MSSM. As pointed out in Refs. nsuni, there are the threshold 
corrections to the gaugino masses at the one-loop level. Especially, when the p-term is of order 
the gravitino mass 7 / 73 / 2 , the heavy higgsino threshold corrections give rise to 


Mr 


hrCrQr 

1677^ 


/isin2/9 




"‘Such situation is discussed in Refs. [29]. 


(28) 
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in the limit of mw where Cr = (l/H, 1,0), tan/9 = Vd/vu with Vu,d being the VEVs 

of up-and down-type Higgs helds, mw and mA are the masses of W-boson and CP-odd heavy 
Higgs boson, respectively. The origin of the /i-and H/i-terms is shown later. 

By contrast, the soft SUSY-breaking masses are generated via the four point couplings 
between X and the matter multiplets Sa in the MSSM ([7]). Although they depend on the 
charge of typical sparticle masses are of order the gravitino mass which are larger 
than the gaugino masses by one-loop factor fl27|) . It turns out that these spectra are similar 
to those of pure gravity mediation [H]. In such cases, the LSP is the wino by the nature of 
renormalization group (RG) effects, and the thermal abundance of wino is determined by the 
wino mass, i.e., gravitino mass, whereas the non-thermal abundance of wino is highly model- 
dependent. Therefore, we investigate these abundances by focusing on the wino productions 
from the gravitino decay based on our moduli stabilization as well as the inflation. These 
gravitinos are produced by the thermal bath and scalar held {T^ , Ha, X) decays after the 
inhation in Sec. 12.21 In the following, we discuss the details of the sparticle spectra and the 
relic abundance of wino step by step. 

3.1 Yukawa hierarchies and Sparticle spectra 

So far, we discuss the inhaton and SUSY breaking sectors. To complete our discussion, we set 
the superpotential for the helds in the MSSM and (s)neutrinos. For the matter chiral multiplets 
involved in the hypermultiplets <I>q,, we put the following Yukawa couplings at the boundary 
hxed point y = 0, 

IHmssm = + Xf^Q.'HdV, + \%C,Hd8, + (29) 

where X^J [x = u, d, e, n) are the holomorphic Yukawa couplings. We assign the R-charge to 
the chiral multiplets in Eq. ([1]) as Rx = Rua = 2, = Rui = Rvi = Rci = Rsi = RNi = 1, 

R^^ = R-u^ = 0, where R^ is the R-charge of 0. When the matter chiral multiplets are 
canonically normalized, the physical Yukawa couplings are expressed as 

(30) 

where 

Y = = AfR^ReT) (2Y(c(“) ■ T) - + 0(|Y|^)) . (31) 

With the U{l)ii charge assignments of the matter multiplets as summarized in Table [Hand the 
0{\) value of the holomorphic Yukawa couplings X^J {x = u,d,e,n), the observed quark and 
lepton masses and their mixing angles are realized as shown in Ref. [29] Here, the theoretical 

®By changing the R-charges of fields and introducing the mass terms of the Majorana neutrinos, the tiny 
masses of the neutrinos are also explained. These terms are put on the superpotential at the other boundary 

fixed point y = L, such as IT = NiNj, where Kij are 0{1) parameters and (i = 1, 2, 3) are the 

[7(1)//=/ charge of the Majorana neutrino chiral multiplets iV/ for the linear combination of the vector multiplets 
. Such terms induce the non-thermal leptogenesis |35] via the non-thermal inflaton decay into the Majorana 
neutrino, i.e., H —>• WW as also discussed in Ref. [36] . 


Vu = 


X^3 

u 




Vd = 


a:/ 


YQ.YnA 


Ve = 






= , Vn = 


'n 


ycYnYi 












values are evaluated in terms of the one-loop RG equations of the MSSM from the EW scale 
to the compactihcation scale Me- 


c%^ = (0.1, 0.1, 1.1) 

= (-0.1,-0.1, 0.8) 

= (0.1, 0.4, 1) 

efu = (0.1, 0.1, 1.6) 

cf/=2 = (-0.1,-0.1, 0) 

efu = (0.1, 0.5, 0) 

4=3 = 0 

4=2 = 0-1 
4=1 = -0.9 

= (0.1, 0.1, 0.6) 
Cp=2 = (-0.1,-0.1, 0.3) 

= (-0.2, 0.2, 1) 

Cp=3 = (0.1, 0.2, 0.2) 

4=2 = (-0.1,-0.1,0) 

4=1 = (-0-2, 0, - 0.5) 

4i3 = 0 

C^d _ g 

G'=2 — ^ 

4ii = -0.1 

c%3 = (0.1, 0.1, 0.2) 

c®L 2 = (-0.1,-0.1,0) 
CpLi = (0.3, 0.2, - 0.5) 

4L3 = (0.1, 0.1, 0.1) 

4^2 = (-0.3,-0.3,-0.3) 

4=1 = (-0-7, - 0.7, - 0.7) 



Table 1: charges of the quarks, leptons and Higgs. 


In addition, we consider the following superpotential as the counterpart of /i-term, 

3 

fh^-term = ^ l^aHaHyHd, (32) 

a=l 

where k°' {a = 1, 2, 3) are the real parameters, and then the VEVs of Ha generate the effective 
/x-term, 

E l^a{Ha) /QQ\ 

I (33) 

a=i ^YnYnYn, 

where the relevant helds are canonically normalized. By assuming that /x-term is only generated 
by the VEV of H^, i.e., ki = K 2 = 0, the scale of /x-term is of order the gravitino mass which 
is required for the successful EW symmetry breaking in high-scale SUSY breaking scenario, 

/X ~ 5.7 X IQ-^Ks^Mpi ~ C>(m3/2), (34) 

where the U(l)// charges of relevant helds given by Eq. (flSj) and Tab. [H the VEVs of T^' (|23|) 

and the mass of stabilizer held (|2T|) are employed. Note that the mild large volume of the 
hfth dimension y reduces the scale of /x-term by the factor 5.7 x 10“^, and furthermore the 
existence of this three-point couplings do not depend on the dynamics of inhaton and stabilizer 
helds thanks to the tiny VEVs of Higgs helds. In order to realize the successful EW symmetry 
breaking, we add the Giudice-Masiero terms [3^ to the Kahler potential at the boundary hxed 
point X/ = 0 as the origin of /x-and R/x-term, 

= cHaUd + h.c., (35) 
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where c is a constant and the mass scales of /i-and S/x-terms are close to the gravitino mass. 
These holomorphic terms cannot be derived from the bnlk Kahler potential (jS]) which respects 
the AA = 2 SUSY. 

The charge assignments of the matter mnltiplets determine not only the observed 

masses and mixing angles of the elementary particles, bnt also the flavor strnctnre of the soft 
SUSY-breaking terms throngh the fonr point conplings between the SUSY breaking held X 
and the matter mnltiplets in the effective Kahler potential ([7]). They are characterized as 

CsoR = - I ^ MrXX + ^ + B^Khd + h.c. j , (36) 

a \ r=l Q;,/3,7 / 

where Sa = hu,hd,qi,Ui,di, li,ei,h'i and the scalar components of 'Hu,'Hd, Li,Si, Nt 

and (r = 1, 2, 3) are the ganginos. These soft terms except for the gangino masses are given 
by the well known formnlas [38l [3^ . 

ml^ = -{F^F^didj\n{YsJ), B ^. (37) 

where the indices / and J rnn over all the chiral mnltiplets. Since the moduli and the stabilizer 
helds do not induce the SUSY breaking effects, the gangino masses and the A-terms are almost 
vanishing. Therefore, the leading contribution to them are the one-loop anomaly mediated 
effects which are expressed as Eq. fl27)) for gangino masses and 

~ A lyVaC^'y + '^3/2) (38) 

for A-terms. On the other hand, the anomaly mediation for the soft SUSY-breaking masses can 
be negligible relative to the gravity mediation for them. It should be noted that there are the 
experimental constraints to the wino mass. Since the unstable gravitino have to decay before 
the Big-Bang Nucleosynthesis (BBN), the wino mass is constrained to M 2 > 200 — 250 GeV. 
The LHC experiments also give the lower bound for the wino mass M 2 > 270 GeV by searching 
for the disappearing tracks [ID] . 

3.2 The relic abundance of wino dark matter 

Next, we discuss the relic abundance of the wino LSP from the gravitino decays. The gravitino 
is produced by the thermal bath and non-thermal decays of scalar fields such as the inflaton 
ReT^, real parts of lightest stabilizer held ReiLi and SUSY breaking held ReY after the 
inhation. The other moduli and stabilizer helds are decoupled from the inhaton dynamics and 
hxed at their minimum. Especially, the imaginary parts of helds, ImT^, ImiLi and Im Y do not 
oscillate around their minimum after the inhation, because we set the real parameters in the 
superpotential flT^ and fl2T|) . Thus, we focus on the non-thermal productions of the wino LSP 
given through the decays of ReT^, Reifi, Re Y after the inhation. As summarized in Ref. [2D] , 
the gravitino yield Y 3/2 = ^, 3 / 2/3 where n ^/2 is the number density of gravitino and s is the 
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entropy density of universe is estimated. First, from the inflaton decay into the gravitino(s), 
the gravitino yield is given by 


17/2 - Br(a' ^ vI/3/2Vl> 


3T, 


R 


3/2'±'3/2y 




ArriTi 29>9>Ti{Krpifi)V 


all 


4M7 


~ 2 X 10” 


_19 ( rn3/2 \ 


105 GeVy 


T, 


R 


109 GeV 
(39) 


where = ReT^, F^^ ~ 3.95 GeV is the total decay width of inflaton which is obtained from 
the inflaton decay into the gauge boson pairs. The reheating temperature Tr is estimated by 
equaling the expansion rate of the universe, FTr = H(Tr) to F^jj, 


Tr = 


- 1-38 X 10” GeV, 


(40) 


where g*{TR) = 915/4 is the effective degrees of freedom in the MSSM at the reheating Tr. 
Next, the gravitino yield is produced by the hi = Re Hi decay. 


-'3/2 


= 2.5 X io-« ( h 

ruHiS 4 vlO^GeV/ y / \ 109 GeV 


(41) 


where ps^ is the energy density of Sa- Finally, the SUSY breaking held x = ReX also produces 
the gravitino. 


-^3/2 — V 


2mx \mx 


16/3 



~ 1.2 X 10 


-18 


^3/2 ^20/3 ^109 GeV 


105 GeV/ 


mx 


T, 


109 Gev) ’ 

(42) 


where F^jj is the total decay width of x. 


Ball — r(x -)■ 4 / 3 / 24 / 3 / 2 ) ~ 


1 

OOtt rUy^Mp^ 


(43) 


As a result, the gravitino productions from and hi decay after the inhation are suppressed 
due to the almost vanishing F-terms of and Hi. However, the gravitinos are sufficiently 
produced by the decays of x for the particular values of mx and m 3 / 2 @ Note that we focus 
on the situation where the coherent oscillation of inhaton held dominates the energy density of 
the universe after the inhation, and then inhaton release the entropy and reheat the universe 
at its decay. 

Moreover, the gravitino is also produced by the thermal bath in the era of radiation 
domination and it decay into the wino hereafter. The thermal abundance of gravitino is 

^The details of them are also discussed in Ref. sa¬ 


il 




















given |l2l |33l HU |15] in terms of dimensionless Hubble parameter h and the numerical pa¬ 
rameters Hr, K defined in |15], 


Y^th 

-^3/2 


'^yrgATnf ( 1 + 


r=l 


^^1/2 


In 


griTn) 


X 


( 




Tr 

l^lQiOGeVj ’ 


(44) 


where M^iTR) and griTR) are the gaugino masses and gauge couplings at the reheating Tr. The 
non-thermal abundance of the wino LSP is determined by solving the Boltzmann equation [181 

ES], 


y^nth 


^0 — min 


Y^th 

■•^3/2 


+ y; 


3/2 


-I yhx 

^ ■^3/2 


+ n/2, 


45 


8TT‘^g^{T3/2) MplT3/2(c^ann^^) 


(45) 


where denotes the wino-like neutralino and the entropy release from the gravitino decay is ne¬ 
glected. g*(T 3 / 2 ) — 10.75 is the effective degrees of freedom in the MSSM at decay temperature 
of the gravitino, 

and r 3/2 is the gravitino decay width into the gauginos, 


r3/2 


12 "^3/2 

327r ■ 


(47) 


It is then supposed that the sparticles except for the gauginos are heavier than the gravitino 
as can be seen in Tab. |2l (a a„n v) is the thermally averaged annihilation cross section of the 
wino-like neutralino which is roughly estimated as 

\ _ 3^2 

“ 167rM| ’ 



in the limit of mw ^ M 2 , g 2 is the gauge coupling of SU{2)r at the EW scale. (See for more 
details, e.g.. Ref. jlH]-) Because of the large cross section of wino, the annihilation of the wino 
after the non-thermal production is negligible. Therefore, the non-thermal production of wino 
is approximately given by ~ Y Y^J^^ Y^.^. 

On the other hand, the thermal abundance of the wino LSP is roughly estimated as. 




45 


CTa, 


in)MpiT^o 


(49) 


where g,„{T^o) ~ 80 is the effective degree of freedom at the freeze out temperature of wino- 
like neutralino T^o. As pointed out in Ref. m, the thermal abundance of the wino LSP 
depends on the non-perturbative effects, and then the observed dark matter density is realized 
for my ~ 2.7 TeV in the case of pure thermal wino. 
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As a result, the relic density of the wino LSP is approximately given by the sum of thermal 
and non-thermal abundances, that is, Y^o ~ FfnSince Y^o becomes constant of time at 

’ ’ ><:i Xi Xi 

low enough temperature, the total relic density of the wino is given by 




(50) 


where h ~ 0.673 is the present Hubble constant in units of lOOkm/sec/Mpc [Hj, and 


oth,nth Ath,nth "^now 

12-0 =m^or-o’ -, 

X? X? 


(51) 


with Per and Snow being the critical density and the present entropy density of the universe, 
respectively. Their ratio is given by Per/snow — 3.6 x 10“® GeV [ 8 ]. In Fig. [H the total relic 
density of the wino LSP is drawn as functions of m 3/2 and mx, and then the dark matter 
abundance is constrained within the range 0.1175 < < 0.1219 reported by the Planck 

collaboration [ 8 ]. Although we do not consider the non-perturbative effects for the annihilation 
cross sections of wino m, we expect that the discussion is not altered within the mass range, 
m^o < 1 TeV. Even if the Sommerfeld effect signihcantly reduce the thermal abundance of wino- 
like neutralino in the mass region above 0{1) TeV, the non-thermal abundance of it compensate 
the relic abundance of it. 

When we set the gravitino mass ^ 3/2 = 1-4 x 10^ GeV and mx = 2.9 x 10® GeV, where the 
total relic abundance of the wino is consistent with the Planck data [S], the sparticle spectra as 
well as the Higgs boson mass are estimated as those in Table [2] by choosing tan f3 = A and the 
17(1)// charge in Tab. [T] Now, the parameters w, z/, A in the superpotential fl2T|) are properly 
chosen to realize the above situation. We employ the one-loop RG equations of MSSM from 
the SUSY breaking scale 777.3/2 to the compactiheation scale Me, whereas the Higgs boson mass 
is evaluated by employing the result [IH]. From the Tab. HI the sparticles except for the wino 
and chargino are of order the gravitino mass which lead to no flavor and GP-problems peculiar 
to the supergravity models. 

In this paper, we focus on the relic abundance of the wino LSP in the concrete 5D SUGRA 
model on /Z 2 where the successful inflation can be realized. The wino dark matter can be 
checked by the 100 fb“^ data at LHG 14 TeV running [19] and cosmological observations such as 
the observation of the cosmic rays from the Fermi Gamma-Ray Space Telescope [50], AMS-02 
experiment [a EH 152], and so on. If the large mass of wino is prohibited by such collider 
experiments as well as the cosmological observations, the non-thermal process is important to 
realize the correct relic abundance of the wino-like neutalino as explicitly shown in our model. 
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^ 3/2 [GeV] 

Figure 1: Contours of the relic abundance of the wino LSP, = 0.1 (dotted), = 0.11 

(dashed) and = 0.12 (solid) as a functions of the gravitino mass 7713/2 and the mass of 

SUSY breaking held mx- 


14 







mass[GeV] 


mass[GeV] 

rriu^ 


B 

IliMI 

TTlei 


B 

09 

rriu^ 

1.2 

X 

0 

1 

me2 

9.3 

X 

10^ 

rrici 


B 



1.0 

X 

10^ 



B 




B 

09 

mil 


B 


rrif. 


B 

09 



B 




B 

09 


1.3 

X 

10 ^ 


1.2 

X 

10 ^ 


1.3 

X 

10 ^ 



B 

09 

m-s^ 


B 

iliM 

WSi 


B 

09 

ms 2 


B 


WMik 


B 

09 



B 

09 

mu., 


B 

09 

^b 2 


B 

09 

rriu 


B 

09 



B 

1^0 


377 



B 

1^0 

^xt 


B 

1^0 

m^o 

A2 

1227 

?^ 3/2 


B 

09 


377 

mh 

125 

.5 

M3 

3896 




Table 2: The mass eigenvalues of sparctile spectra, the Higgs boson mass mh, the gravitino 
mass m 3 / 2 , and the gluino mass M 3 . The subscripts indicate the mass eigenvalues of sparticles, 
that is, the up (h), charm (c), top (t), down (d), strange (s), bottom (b) squarks, the scalar 
electron (e), muon (p), tauon (f), neutrino (z>), the neutralino (x) and the chargino (x^)- 
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4 Conclusion 


We have investigated the high-scale SUSY breaking scenario with the wino dark matter in the 
framework of 5D SUGRA on /Z 2 in which the successful moduli inflation can be realized |1]. 
The systematic studies on the particle phenomenology as well as the cosmology are quite 
important to discuss the thermal history of the universe. Especially, the non-thermal dark 
matter abundance is highly mo del-dependent. 

In our model, the moduli stabilization as well as the moduli inflation have been achieved 
in a supersymmetric way, so that the gaugino masses are not generated at the tree-level. Even 
if we consider the SUSY breaking held, the leading contributions to the gaugino masses are 
anomaly mediation, whereas the gravity mediation determines the other soft SUSY-breaking 
terms which are controlled by the extra U{1) symmetries broken by the orbifold projection. 
Then, the obtained sparticle spectra are similar to those of pure gravity mediation jH] and 
the dark matter candidate is the wino LSP whose abundance is determined by the thermal 
and non-thermal processes after the inhation. Since the inhaton and moduli are stabilized at 
their supersymmetric minimum, their decay into the gravitinos are suppressed by the almost 
vanishing F-terms of them. As a result, the non-thermal productions of the wino LSP produced 
by these helds decays are negligible. 

By contrast, the gravitinos are generated by the thermal bath and the decay of SUSY 
breaking held, and the wino LSP is produced by the gravitino decays hereafter. Although the 
relic abundance of the wino LSP is the sum of the thermal and the non-thermal abundances, 
it is found that the non-thermal process dominates the dark matter abundance consistent with 
the recent Planck data |8] even when the thermal abundance of it is negligible. 
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